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ABSTRACT 


A  series  of  fabric  test  panels,  test  fired  with  a  17-grain  fragment  simulating  projec¬ 
tile  (FSP),  of  armor  materials  mad;  from  Spectra  1000  (’"Allied-Signal  Corporation)  high 
tenacity  polyethylene  fibers  were  examined  by  wide-angle  X-ray  diffraction.  A  new  proce¬ 
dure  was  developed  for  averaging  out  the  orientation  of  fiber  or  fabric  samples  in  order 
to  yield  data  suitable  for  the  determination  of  crystallinity.  Data  on  the  undamaged  fab¬ 
ric  show  an  average  crystallinity  of  0.65,  with  an  orthorhombic  fraction  of  0.61,  and  the 
metastable  monoclinic  phase  fraction  at  0.04.  Ballistic  impact  resulted  at  the  damage 
zone  in  either  an  increase  in  the  monoclinic  fraction,  attributable  to  recrystallization,  or 
to  total  eradication  of  the  monoclinic  phase,  attributable  to  melting.  Thus,  the  mono¬ 
clinic  content  is  useful  for  characterizing  the  thermomechanical  effects  which  the  fibers 
have  undergone;  monoclinic  melting  predominates  when  ballistic  penetration  is  complete. 
The  predominant  orthorhombic  phase  is  generally  reduced  in  mass  fraction  by  the  ballis¬ 
tic  impact  event. 
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INTRODUCTION 


X-ray  diffraction  analysis  has  been  conducted  on  test  panels  of  armor  materials  made 
from  Spectra  1000™  polyethylene  fibers  of  ultrahigh  orientation.  The  focus  to  date  has  been 
on  developing  a  test  method  for  X-ray  diffraction  determination  of  crystallinity  in  the  fibers 
using  a  suitable  computer  control  method  on  the  instrument  to  average  out  crystallite  orienta¬ 
tion.  The  method  is  described  in  detail  in  vhis  report. 

A  total  of  16  ballistically  tested  panels  has  been  examined.  Crystalline  content  was  deter¬ 
mined  twice  for  each  panel;  once  near  the  point  of  impact,  and  a  second  time  at  an  undam¬ 
aged  area  distant  from  the  impact  point. 

The  following  diffraction  peaks  were  observed:  the  monoclinic  (001)  reflection,  near 
26  =  19.4°,  and  the  orthorhombic  (110)  and  (200)  reflections,  near  20  =  21.5°  and  23.8°, 
respectively.  In  every  instance,  the  equilibrium  crystal  form,  the  orthorhombic  form,  predomi¬ 
nated,  as  evidenced  by  the  strength  of  the  peaks  at  21.5°  and  23.8°.  The  metastable  mono¬ 
clinic  phase  comprised  a  minor  frac.ion  of  the  crystalline  material  when  it  was  present. 

The  monoclinic  phase  of  polyethylene  has  been  observed  by  a  variety  of  workers: 

Slichter;1  Seto,  Hara,  and  Tanaka;2,3  Magill  et  ai.;4  Fatou,  Baker,  and  Mandelkern;5  and 
Mead,  Desper,  and  Porter.6  In  general,  monoclinic  material  appears  as  the  result  of  cold 
working  of  polyethylene;  e.g.  by  compression  or  shear  below  the  crystalling  melting  point. 

The  monoclinic  phase  is  generally  thought  of  as  a  metastable  phase,  less  stable  than  the  ortho¬ 
rhombic  phase,  to  which  it  will  transform  under  favorable  conditions,  such  as  heating  near  the 
melting  point  and  removal  of  applied  stress.  The  polymer  molecular  weight  also  plays  an 
important  role;  higher  molecular  weights  favor  the  formation  cf  the  monoclinic  phase. 

EXPERIMENTAL 

The  X-ray  diffraction  data  were  acquired  using  a  specially  modified  Picker  four-circle 
X-ray  diffractometer  at  the  U.S.  Army  Materials  Technology  Laboratory,  as  described  by 
Desper.7  The  system  consists  of  the  X-ray  diffractometer,  a  PDP-11/23  computer  for  control 
of  the  four  diffractometer  angels,  a  position-sensitive  proportional  counter  for  detection,  and 
a  multiple-channel  analyzer  for  data  readout.  Determination  of  crystallinities  of  fibrous  materi¬ 
als  presents  a  special  problem,  however,  since  the  preferred  crystallite  orientation  in  the  fibers 
results  in  a  complicated  diffraction  pattern  which  is  dependent  upon  both  the  usual  Bragg 
angle  26  and  the  fiber  orientation  angle  x •  This  wras  overcome  by  averaging  out  the  orienta¬ 
tion  effect  on  the  diffraction  instrument  (see  Appendix  1)  to  reduce  the  data  to  patterns 
dependent  upon  only  the  angle  26,  to  which  established  methods  for  unoriented  samples  could 
be  applied. 
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The  X-ray  beam  has  a  circular  cross  section  of  0.5-min  diameter  and,  at  a  monochromatic 
wavelength  of  1.5418  Angstroms,  is  capable  of  penetrating  the  thickness  of  the  test  pane!  with¬ 
out  serious  absorption  effects.  Thus,  the  effective  sample  is  a  cylindrical  section  of  fabric  of 
0.5-mm  diameter,  and  of  height  equal  to  the  fabric  thickness.  The  beam  diameter  is  consider¬ 
ably  larger  than  the  fiber  yarn  diameter,  but  a  factor  of  10  smaller  than  the  0.22  calibre  pro¬ 
jectile  size.  In  all  undamaged  zone  patterns,  the  target  area  of  the  X-ray  beam  was  placed 
an  inch  from  the  damage  zone  and  not  along  a  warp  or  woof  line  with  the  point  of  impact. 
Damaged  zone  patterns  were  taken  by  placing  the  beam  on  fabric  material  as  close  as  possi¬ 
ble  to  the  point  of  ballistic  impact. 

The  raw  data  has  been  corrected  by  a  Lorenz-polarization  correction,  which  involves  the 
diffraction  instrument  geometry  and  its  systematic  effect  on  measured  intensities  as  a  function 
of  the  Bragg  angle  26.  Further  discussion  of  this  correction  is  given  in  Appendix  2. 

DETERMINATION  OF  PHASE  CONTENT 

We  may  define  Xa,  Xm,  and  X0  to  be  the  mass  fractions  of  amorphous,  monoclinic,  and 
orthorhombic  phase  material  in  the  specimen,  constrained  to  add  up  to  unity.  Our  problem 
is  then  to  calculate  two  of  these  mass  fractions,  using  the  X-ray  diffraction  data.  Gopalan 
and  Mandelkern8  provide  a  method  for  determining  orthorhombic  phase  crystallinity  in  the 
absence  of  a  monoclinic  phase;  we  shall  use  this  method  to  calculate  the  ratio  Xa/X0  in  the 
presence  of  the  monoclinic  phase.  In  this  method,  a  straight  line  drawn  through  the  Lorenz- 
polarization  corrected  data  between  the  experimental  intensities  at  29  =  13°  and  27°  is  sub¬ 
tracted  from  the  diffraction  pattern.  Finally,  the  areas  of  the  crystalline  peaks  are  math¬ 
ematically  separated  from  the  background-corrected  curve  and  denoted  Aooi,  An0,  and  A2oo 
for  the  peaks  mentioned  above.  The  amorphous  scattering  area  A8m  is  found  by  subtracting 
the  three  crystalline  areas  from  the  total  area  between  13°  and  27°  for  the  background- 
corrected  curve. 

The  amorphous/orthorhombic  ratio  is  found  as  in  Gopalan  and  Mandelkern  by: 

Ra  =  Xa  /  X0  =  Aam  /  (Ano  +  A2oo)> 

Then  the  monoclinic/orthorhombic  ratio  is  found  from  the  ratio  Aruu/Ano  using: 

R-m  —  Xm  /  XQ  =  Kfac  (Aooi  /  Alio) 

where  Kfag  is  a  combined  factor  for  structure  factor,  multiplicity,  and  temperature,  and  has 
the  value  2.074.  Kfac  essentially  corrects  for  the  different  intrinsic  r -Traction  ■'  densities  of 
the  monoclinic  (001)  and  orthorhombic  (110)  planes. 

Once  these  ratios  are  known,  the  three  mass  fractions  are  found  in  three  simultaneous 
linear  equations: 

Xm  Rm  Xq, 

Xa  =  Ra  Xo,  and 

1  -  xa  +  X0  +  Xra. 


8.  GOPALAN.  M.  R.,  and  MANDELKERN,  L.  Degree  of  Crystallinity  of  Linear  Pot/ethylene  from  Wide-Angle  X-ray  Diffraction.  Polymer 
Letters,  v.  5,  1967,  p.  925-929, 
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for  which  the  solution  is: 


X0  —1/(1  +  Ra  +  Rm), 

Xjjj  =  Rm  /  (1  +  Ra  +  Rm))  and 

Xa  —  Ra  /  (1  +  Ra  +  Rm). 


SAMPLE  DATA 

The  sample  data  shall  be  presented  in  terms  of  the  disk  file  name  scheme  used  in  data 
acquisition.  Each  data  pattern  identifies  the  sample,  whether  it  was  a  complete  or  incomplete 
penetration,  and  whether  a  damaged  or  undamaged  zone  is  being  examined.  The  file  name  is 
eight  characters,  which  of  necessity  begins  with  an  alphabetical  character,  followed  by  the  suf¬ 
fix  .22,  which  indicates  that  29  =  22.00°  is  the  center  of  the  pattern.  The  letter  C  or  I, 
indicating  “complete"  or  “incomplete”  penetration,  is  used  as  the  first  character.  This  is  fol¬ 
lowed  by  the  digits  identifying  a  specific  test  panel  sample,  then  either  fD  or  /U  to  indicate 
that  the  X-ray  beam  is  focused  on  a  “damaged”  or  “undamaged”  zone,  respectively.  Table  1 
gives  a  list  of  the  samples  and  the  names  of  the  corresponding  patterns. 


Table  1.  CORRESPONDENCE  BETWEEN  SAMPLES  AND  DIFFRACTION  PATTERNS 


Sample  Number 

Penetration 

Diffraction  Pattern 

Damaged  Zone 

Undamaged  Zone 

7-10-1 

Complete 

C10-1/D.22 

C10-1/U.2? 

7-10-5 

Complete 

C10-5/D.22 

C10-5/U.22 

7-10-10 

Complete 

C10-10/D.22 

C10-10/U.22 

7-10-15 

Complete 

C10-15/D.22 

C10-15/U.22 

7-10-20 

Complete 

C10-20/D.22 

C10-20/U.22 

7-10-25 

Complete 

Cl  0-25/D. 22 

C10-25/U.22 

7-1030 

Complete 

C10-30/D.22 

C10-30/U.22 

7-1035 

Complete 

Cl  0-35/D. 22 

C10-35/U.22 

7-5-1 

Incomplete 

I5-1/D.22 

I51/U.22 

7-5-5 

Incomplete 

155/D. 22 

I55/U.22 

7-5-10 

Incomplete 

* 

I5-10/D.22 

I510/U.2 2 

7-5-15 

Incomplete 

I5T5/D.22 

I515/U.22 

7-5-20 

Incomplete 

I5-20/D.22 

I520/U.22 

7-5-25 

Incomplete 

1525/D, 22 

I525/U.22 

7-5-30 

Incomplete 

1530/D. 22 

I530/U.22 

7-5-35 

Invamplete 

I535/D.22 

I535/U.22 

3 


A  typical  diffraction  pattern  is  shown  in  Figure  1.  The  pattern,  as  shown,  has  been  sub¬ 
jected  to  the  background  and  the  Lorenz-polarization  corrections.  The  vertical  scale  of  the 
graph  is  X-ray  counts,  while  the  horizontal  scale  is  the  Bragg  angle  26.  The  data  acquisition 
time,  1  hour,  21  minutes,  2  seconds,  is  shown  to  the  left  of  the  graph.  Below  the  graph,  the 
peak  search  results  from  the  multiple-channel  analyzer,  giving  data  from  the  three  crystalline 
peaks  (monoclinic  [001],  orthorhombic  [110],  and  orthorhombic  [200],  reading  left  to  right)  evi¬ 
dent  in  the  pattern.  The  pertinent  data  items  for  each  peak  are  the  centroid,  the  central  26 
value  of  the  peak  in  degrees;  the  FWHM,  or  line  width  (full  width  half  maximum)  of  the 
peak  in  degrees;  the  peak  count  above  baseline;  and  the  net  area  of  the  peak  in  total  counts. 
(Each  peak  has  been  fitted  to  a  Gaussian  curve  and  a  baseline;  the  net  area  is  that  of  the 
Gaussian  curve.)  These  net  area  values  are  the  data  used  for  determination  of  the  mass  frac¬ 
tions  of  the  two  crystal  phases.  The  percent  area  summary,  shown  further  down  in  the  fig¬ 
ure,  is  not  used.  The  amorphous  area  is  found  by  subtracting  the  three  resolved  crystalline 
areas  from  the  total  area  of  the  diffraction  curve,  indicated  under  the  horizontal  axis  of  the 
graph  with  the  label  A=.  The  calculated  mass  fractions  of  the  crystalline  and  amorphous 
phases  for  the  patterns  are  shown  in  detail  in  Table  2  and  are  summarized  in  Table  3. 


Peak  Search  Report 
(Full  Analysis) 


Peak 

Centroid 

TTH 

Left 

TTH 

Right 

TTH 

Peak 

Count 

FWHM 

TTH 

Area 

Net 

Area 

1 

19.46 

18.888 

19.998 

22481 

4.561  E-1 

1.342E6 

4.149E5 

2 

21.55 

20.969 

22.079 

619232 

4.479E-1 

1.220E7 

1.062E7 

3 

23.95 

23.300 

24.576 

82526 

5.01 6E-1 

2.383E6 

1.602E6 

Percent  Area  Summary 

Peak  Area  Peak  Area  Peak  Net  Area 


Peak  Area  Between  Cursors  Sum  of  Peak  Areas  Sum  of  Net  Areas 

1  6.72  8.42  3.23 

2  61.12  76.62  84.04 

3  11.93  14.96  12.67 


Figure  1.  Typical  corrected  diffraction  pattern. 


Table  2.  MONOCLINIC,  ORTHORHOMBIC,  AMORPHOUS  CONTENT  OF  POLYETHYLENE  FROM  X-RAY  DIFFRACTION 


Input  Areas  Corrected  Mass  Crystallinities 


Sample 

Mono. 

(001) 

Ortho. 

(110) 

Ortho. 

(200) 

Total 

Area 

Mono. 

Ortho. 

Total 

(Mono.  +  Ortho.) 

C10-1/D.22 

0 

11970000 

2716000 

24060044 

0.000 

0.610 

0.610 

C10-1/U.22 

261900 

9402000 

1124000 

17024206 

0.035 

0.606 

0.641 

Cl  0-5/0.22 

0 

1274000 

223200 

3565255 

0.000 

0.420 

0,420 

C10-5/U.22 

241500 

9549000 

1431000 

16706451 

0.034 

0.644 

0.678 

C10-10/D.22 

193700 

2712000 

615200 

6384188 

0.074 

0.498 

0.572 

C10-10/U.22 

204400 

9503000 

1582000 

16958468 

0.029 

0.643 

0.671 

C10-1S/D.22 

271400 

6388000 

1444000 

14157003 

0.047 

0.537 

0.585 

C10-15/U.22 

367700 

8381000 

1401000 

16097223 

0.054 

0.589 

0.642 

C10-20/D.22 

0 

1851000 

474100 

4957032 

0.000 

0.469 

0.469 

C10-20/U.22 

169800 

7690000 

1629000 

14834582 

0.028 

0.617 

0.646 

C10-25/D.22 

0 

12800000 

3505000 

27034966 

0.000 

0.603 

0.603 

C10-25/U.22 

223500 

7213000 

1022000 

13720487 

0.038 

0.587 

0.625 

C10-30/D.22 

0 

7338000 

1680000 

16757360 

0.000 

0.538 

0.538 

C10-30/U.22 

124300 

7306000 

1496000 

13238413 

0.023 

0.656 

0.679 

Cl  0-35/0.22 

435700 

3388000 

635100 

7481225 

0.132 

0.496 

0.628 

C10-35/U.22 

407300 

8035000 

1303000 

15059411 

0.063 

0.597 

0.660 

15-1/0.22 

0 

3760000 

904400 

8971161 

0.000 

0.520 

0.520 

I5-1/U.22 

206800 

8846000 

1616000 

16501412 

0.030 

0.623 

0.653 

IS-5/D.22 

672900 

8493000 

2139000 

18541768 

0.089 

0.542 

0.631 

I5-5/U.22 

414900 

10620000 

1602000 

19965052 

0.048 

0.595 

0.643 

15-1 0/D. 22 

158800 

4808000 

903900 

9817222 

0.039 

0.568 

0.607 

I5-10/U.22 

303700 

8821000 

1404000 

16517419 

0.043 

0.603 

0.647 

I5-15/D.22 

0 

6150000 

1512000 

13057695 

0.000 

0.587 

0.587 

I5-15/U.22 

198400 

6804000 

1142000 

12512090 

0.038 

0.621 

0.659 

15-20/0.22 

164300 

3943000 

1048000 

8743732 

0.048 

0.554 

0.602 

I5-20/U.22 

248300 

7001000 

1106000 

12815085 

0.045 

0.615 

0.661 

15-25/0.22 

1319000 

16830000 

4349000 

40253760 

0.081 

0.500 

0.581 

I5-25/U.22 

215500 

7471000 

1202000 

13675321 

0.037 

0.620 

0.658 

I5  30/D.22 

626200 

6618000 

1070000 

16216661 

0.094 

0.481 

0.576 

I5-30/U.22 

296000 

7155000 

1274000 

13270735 

0.053 

0.615 

0.668 

15-35/0.22 

518900 

4211000 

785200 

9778549 

0.121 

0.474 

0.595 

I5-35/U.22 

218400 

6480000 

1140000 

12397753 

0.042 

0.599 

0.641 

In  the  summary  (Table  3),  the  mass  fraction  data  are  broken  down  into  four  classes  for 
the  four  combinations  of  either  complete  or  incomplete  penetration  and  damaged  or  undam¬ 
aged  zones.  Within  each  class,  the  average  monoclinic  and  orthorhombic  fractions  are 
reported  along  with  their  respective  standard  deviations.  Table  3  also  includes  the  results  of 
a  replication  experiment  run  to  assess  the  reproducibility  of  the  results.  For  this  experiment, 
a  single  test  specimen  (7-5-5,  incomplete  penetration)  was  run  at  five  different  locations  in  its 
undamaged  zone.  The  five  different  locations  were  used  to  assess  the  sampling  effect,  as  well 


as  experimental  uncertainty.  The  results  for  the  replication  experiment  show  a  monoclinic  frac¬ 
tion  of  0.041  (standard  deviation  0.006),  and  an  orthorhombic  fraction  of  0.613  (standard  devia¬ 
tion  0.021),  for  a  total  crystallinity  of  0.654,  and  a  standard  deviation  of  0.022. 


Table  3.  STATISTICAL  ANALYSIS  -  MONOCLINIC  FRACTION  VALUES 


Class 

N 

Monoclinic  Fraction 

Avg.  Std.  Dev. 

Orthorhombic  Fraction 

Avg.  Std.  Dev. 

Com  plate,  Damaged 

8 

0.032 

0.046 

0.521 

0.060 

Complete,  Undamaged 

8 

0.038 

0.013 

0.61? 

0.02S 

Incomplete,  Damaged 

8 

0.059 

0.042 

0.528 

0.039 

Incomplete,  Undamaged 

8 

0.042 

0.006 

0.611 

0.010 

Replicate 

5 

0.041 

0.006 

0.613 

0.021 

DISCUSSION 

First  of  all,  it  should  be  noted  that  the  results  of  all  of  the  patterns  of  undamaged 
material  are  in  essential  agreement  at  a  monoclinic  fraction  of  0.04  and  an  orthorhombic  frac¬ 
tion  of  0.61,  with  no  statistically  significant  difference  between  the  complete,  undamaged  and 
incomplete,  undamaged  classes.  All  undamaged  material  patterns  may  be  regarded  as  represen¬ 
tative  of  virgin  fabric  unaffected  by  the  ballistic  impact. 

In  the  damaged  classes,  two  effects  are  apparent.  First  of  all,  the  monoclinic  fraction 
shows  gross  fluctuations  from  sample-to-sample,  ranging  from  zero  to  0.132.  Second,  the 
orthorhombic  fraction  values  are  lower  and  show  more  fluctuation  than  the  undamaged  pat¬ 
terns.  To  illustrate  the  first  effect,  in  the  complete,  damaged  class,  five  of  the  eight  patterns 
showed  no  monoclinic  fraction,  while  the  remaining  three  showed  monoclinic  fractions  of 
0.047,  0.074,  and  0.132.  Illustrating  the  second  effect,  orthorhombic  fraction  in  that  same 
class  ranged  from  0.420  to  0.610  for  the  eight  patterns. 

The  changes  in  phase  fractions  brought  about  by  the  ballistic  impact  are  regarded  as  aris¬ 
ing  from  very  localized  heating  of  the  fabric  from  the  kinetic  energy  of  the  projectile.  This 
heating  can  act  in  two  ways.  First,  in  the  range  of  the  well-known  alpha  transition  of  90°C 
to  100°C,  associated  with  the  onset  of  molecular  chain  motion  in  the  crystallites,  crystallite 
growth  and  annealing  is  possible.  Secondly,  when  the  melting  point  around  140°C  is 
exceeded,  polymer  will  melt,  then  recrystallize  to  some  extent  in  the  quick  cooling  process. 

For  a  number  of  the  damaged  patterns,  evidenced  by  zero  monoclinic  content  and  quite 
low  orthorhombic  content,  the  melting  process  has  predominated.  In  a  few  instances,  where 
the  monoclinic  fraction  well  exceeds  the  undamaged  value  of  0.04,  recrystallization  has 
resulted  in  further  growth  of  the  monoclinic  regions,  perhaps  at  the  expense  of  orthorhombic 
material,  whose  fraction  generally  drops  with  the  ballistic  event.  (Recall  that  monoclinic  poly¬ 
ethylene  occurs,  generally,  in  response  to  mechanical  deformation.) 

Overall,  the  complete,  damaged  class  shows  lower  monoclinic  fraction,  and  more  instances 
of  zero  monoclinic  fraction,  than  the  incomplete,  damaged  class.  This  is  taken  to  mean  that 
when  complete  penetration  occurs,  melting  predominates  over  recystallization  and,  indeed,  is 
probably  associated  with  the  failure  of  the  material.  Recrystallization  is  evident  in  the  incom¬ 
plete,  damaged  patterns  in  the  fact  that  the  average  monoclinic  fraction  has  increased  to 


0.059  over  the  undamaged  value  of  0.04.  The  increased  scatter  in  the  data  for  all  of  the  dam¬ 
aged  patterns  is  indicative  of  differences  in  the  ballistic  impact  event  from  one  test  to  the 
next. 

While  the  monoclinic  phase  serves  somewhat  as  a  marker  of  thermomechanical  history, 
the  predominant  phase  in  all  patterns  is  the  well-known  orthorhombic  phase.  Both  the  com¬ 
plete,  damaged,  and  incomplete,  damaged  classes  show  significant  reduction  in  orthorhombic 
content  compared  to  the  undamaged  fabric. 

CONCLUSIONS 

1.  Polyethylene  fabrics  have  been  successfully  characterized  in  terms  of  both  monoclinic 
and  orthorhombic  crystal  content  by  a  suitable  X-ray  diffraction  method. 

2.  Data  on  the  undamaged  fabric  are  consistent  and  show  an  average  orthorhombic  frac¬ 
tion  of  0.61,  and  an  average  monoclinic  fraction  of  0.04. 

3.  Data  from  damaged  fabric  show  that  ballistic  impact  can  result  in  either  an  increase 
in  monoclinic  fraction,  attributed  to  recrystallization,  or  total  eradication  of  monoclinic  materi¬ 
als,  attributed  to  melting.  The  latter  predominates  where  ballistic  penetration  is  complete. 

4.  Data  from  damaged  fabric  show  that  the  major  crystalline  phase,  the  orthorhombic 
phase,  is  generally  reduced  in  mass  fraction  by  the  ballistic  impact  event. 

5.  The  monoclinic  content  of  a  polyethylene  fabric  is  useful  for  characterizing 
thermomechanical  effects  which  the  fibers  have  undergone. 


APPENDIX  1.  FIBSCN  PROGRAM  FOR  CRYSTALLINiTY  DETERMINATION 


A  Fortran  program,  FIBSCN.  has  been  written  for  use  in  determining  the  crystallinity  of 
fibers.  The  obstacle  addressed  and  overcome  by  FIBSCN  is  the  proper  weighting  of  intensi¬ 
ties  at  various  orientation  positions  with  respect  to  the  fiber  axis.  A  pertinent  reference  to 
this  problem  is  Desper  and  Stein.9  Let  us  denote  x  as  the  orientation  angle  between  the 
fiber  axis  (presumed  to  be  an  axis  of  cylindrical  symmetry)  and  the  diffraction  vector  S  of  the 
diffractometer  at  a  particular  instrument  setting.  A  weighting  factor  sin  x,  herein  termed  the 
“Euler  factor,”  must  be  used  for  proper  integration  and  averaging  over  the  surface  of  the 
sphere.  With  this  definition,  the  randomized  intensity  Iave  (20)  at  any  Bragg  angle  26  is 
given  by: 


Iavc(20)  =  rj2  1(20. x)  sin  x  d*/.T/2sin  x  d* 


where  1(20,  x)  >s  the  experimental  intensity  measured  at  the  specified  Bragg  angle  and  orienta¬ 
tion  position.  In  effect,  the  above  integration  mathematically  reduces  the  very  complicated 
intensity  pattern,  which  includes  orientation  dependence,  to  that  of  a  hypothetical  equivalent 
sample  in  which  all  of  the  scattering  elements  have  been  placed  in  random  orientation  posi¬ 
tions.  This  reduces  the  crystallinity  determination  problem  to  one  which  has  been  extensively 
treated.  The  treatment  used  in  the  present  work  for  polyethylene  crystallinity  is  that  of 
Gopalan  and  Mandelkern.8 

The  unique  feature  used  for  the  first  time  in  the  present  work  is  that  of  successfully  coor¬ 
dinating  the  X-ray  diffractometer  with  the  use  of  a  position-sensitive  proportional  counter 
(PSPC),  which  allows  intensity  to  be  measured  over  a  considerable  range  of  Bragg  angles 
simultaneously  rather  than  sequentially,  with  an  enormous  improvement  in  operational  effi¬ 
ciency  and  reduction  in  data  acquisition  time.  Without  the  PSPC,  several  days  would  be 
required  to  determine  a  single  crystallinity  for  an  oriented  fiber;  with  the  PSPC,  this  can  be 
accomplished  in  1  to  2  hours.  FIBSCN  takes  the  approach  of  applying  the  Euler  factor  |  sin 
X  |  by  varying  the  counting  time  which  the  diffractometer  spends  at  each  x  value  directly 
with  j  sin  x  I-  Coordination  of  the  two  functions,  motor  positioning  of  the  angle  and  data 
acquisition  for  the  PSPC  output,  is  accomplished  by  use  of  an  auxiliary  output  signal,  namely 
the  “chart  drive”  logical  signal,  from  the  PDP-11  motor  control  system  to  gate  the  PSPC 
pulses  to  the  Lecroy  3500  multiple-channel  analyzer  (MCA)  where  they  are  counted.  The 
operation  is  as  follows: 

1.  The  PDP-11  drives  to  the  next  angle  position  with  chart  drive  set  off  inhibiting  PSPC 
pulse  counting. 

2.  The  PDP-11  turns  chart  drive  on  for  a  time  proportional  to  |  sin  x  l>  enabling  PSPC 
pulse  counting. 

3.  Repeat  steps  1  and  2  for  an  entire  quadrant  of  orientation  angles. 

The  operator  need  only  start  the  Lecroy  3500  MCA  prior  to  step  1  and  stop  it  after  step  3. 
The  intensity  pattern  recorded  will  be  properly  weighted  to  average  out  the  orientation  effect. 
The  time  indicated  on  the  MCA  will  include  angle  driving  time  when  pulse  counting  was  inhib¬ 
ited,  but  this  may  be  corrected  in  software  after  the  fact  by  using  a  counting  time  value  pro¬ 
vided  by  the  PDP-11. 

9.  DESPER,  C.  R.,  and  STEIN,  R.  S.  Randomization  of  Orientation  of  Films  and  Fibers.  Polymer  Letters,  v.  5,  1967,  p.  893-900. 
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APPENDIX  2.  L0RENZ-P0LARIZAT10N  CORRECTION 


The  Lorenz-polarization  correction  has  been  incorporated  into  the  Lecroy  3500  multiple- 
channel  analyzer  software.  This  corrects  tor  (a)  the  Lorenz  instrumental  geometry  factor, 
which  varies  with  the  Bragg  angle,  and  (b)  the  effect  of  polarization  inherent  in  the  diffrac¬ 
tion  processes.  Note  that  two  diffraction  processes  are  relevant,  those  of  both  the  incident 
beam  monochromator,  a  graphite  crystal  selecting  out  the  suitable  X-ray  wavelength,  and  of 
the  sample  diffraction  process.  With  an  incident  beam  monochromator  of  the  Furnas  designs 
used  in  the  Picker  diffractometer,  the  Lorenz-polarization  factor  L  is  given  by: 

L(2 6,  29m)  =  (1  +  cos220  /  cos220[,,)  /  (sin20cos0) 
where 


29  =  Bragg  angle  for  sample  scattering,  and 

2 9m  =  Bragg  angh  for  monochromator  crystal.10 

In  this  equation,  the  factor 

1  /  cos220ffl 

corrects  for  the  partial  polarization  of  the  monochromated  incident  beam.  I  use  this  form 
rather  than 

cos220m 

given  in  Cullity10  and  in  most  other  texts  because  the  design  of  the  Picker  instrument,  with 
the  monochromator  bounce  in  a  plane  perpendicular  to  the  sample  scattering  plane,  gives  an 
inverse  primary  beam  polarization  compared  to  the  standard  design  in  which  the  two  planes 
are  parallel. 


10.  CULLITY,  B.  D.  Elements  of  X-ray  Diffraction.  Addison-Wesley,  Reading,  MA,  1956,  p.  172. 
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Commander,  Naval  Weapons  Center,  China  Lake  CA  93555 
1  ATTN:  Mr.  F.  Markarian 

Commander,  U.S.  Air  Force  Wright  Aeronautical  Labs,  Wright- 
Patterson  Air  Force  8ase,  OH  45433 
1  ATTN:  Or.  N.  Tallan 
1  Or.  H.  Graham 

1  Or.  R.  Ruh 

1  Aerp  Propulsion  Labs,  Mr,  R.  Marsh 

1  Dr.  H,  M.  Burte 

1  AFWAL/MLLP,  Mr.  D.  Forney 

1  AFMi./MLLM,  Mr,  H.  L.  Gegel 

1  AFSC/MLLM,  Or,  A.  Katz 

Commander,  Air  Force  Armament  Center,  Eg  I  in  Air  Force 
Base,  Fl  32542 
1  ATTN:  Technical  Library 

Natlona1  Aeronautics  and  Space  Administration,  Lewis 
Research  Center,  21000  Brookpark  Road,  Cleveland, 

OH  44135 

1  ATTN:  J.  Accurid,  USAHHOL 
1  Or,  H,  8.  ProbSt,  MS  49-1 

1  Or,  5.  Outtl 

1  NASA  -  Scientific  and  Technical  Information  Facility, 

P.0.  Box  3757,  Baltimore/Washington  International  Airport, 
Maryland  21240 
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National  Aeronautics  and  Space  Administration,  Langley 
Research  Center,  Hampton,  VA  23665 
1  ATTN:  Mr.  J.  Buckley,  MS  387 
1  Or.  J.  Heyman,  MS  231 

1  Mr.  R.  L.  Long,  MS  266 

Commander.  White  Sands  Missile  Range,  Electronic  Warfare 
Laboratory,  GMEW,  ERAOCOM,  White  Sands  NM  88002 
1  ATTN:  Mr.  Thomas  Reader,  AMSEL-WLM-ME 

Department  of  Energy,  Division  of  Transportation, 

20  Massachusetts  Avenue,  N.W.,  Washington,  DC  20545 
1  ATTN:  Or.  R.  J.  Gottschall,  ER-131,  GTN 

1  Mechanical  Properties  Oata  Center,  Selfour  Stolen  Inc., 
13917  W.  Bay  Shore  Orive,  Traverse  City,  Ml  49684 

National  Institute  of  Standards  and  Technology, 

Washington,  OC  20234 
1  ATTN:  E.  S.  Etz,  Bldg.  222,  Rm  A-121 
1  0.  L.  Hunston,  Bldg.  224,  Rm  A-209 

1  Or.  0.  H.  Reneker,  Oep.  Dir.,  Ctr  for  Matl's  Sci. 

1  Or.  Lyle  Schwartz 

1  Or.  Stephen  Hsu 

1  Dr.  Allan  Oraggoo 

U.S.  Bureau  of  Mines,  mineral  Resources  Technology, 

2401  E.  Street,  N.W.,  Washington,  DC  20241 
1  ATTN:  Mr.  M.  A.  Schwartz 

National  Institute  of  Standards  and  Technology, 
Gaithersburgh,  MO  20899 
1  ATTN:  Or.  S.  Wiederhorn 
1  Or.  N.  Tighe 

National  Research  Council,  National  Materials  Advisory 
Board,  2101  Constitution  Avenue,  Washington,  DC  20418 
1  ATTN:  Or.  K.  Zwilsky 
1  0.  Groves 

1  J.  Lane 

National  Science  Foundation,  Msterials  Division,  1800 
G  Street,  N.W.,  Washington,  OC  20006 
1  ATTN:  Or.  L.  Toth 
1  Or.  J.  Hurt 

AVCO  Corporation,  Applied  Technology  Division,  Lowell 
Industrial  Park,  Lowell,  MA  01887 
i  ATTN:  Dr.  T.  Vasilos 

Case  Western  Reserve  University,  Department  of  Metallurgy, 
Cleveland,  OH  60605 
1  ATTN:  Prof.  A.  H.  Heuer 

Defence  Research  Establishment  Pacific,  FMO,  Victoria, 
6.C.,  VOS  180,  Canada 
1  ATTN:  R,  0.  Barer 

Ford  Motor  Company,  Turbine  Research  Department,  20000 
Rotunda  Orive,  Oearborn,  MI  48124 
1  ATTN:  T.  Whelan 

Ford  Motor  Company,  P.0.  Box  2053,  Oearborn,  MI  48121 
1  ATTN:  Or.  0.  Compton,  Vice  President  Research 

General  Electric  Company,  Research  and  Development  Center, 
Box  3,  Schenectady,  NY  12345 
1  ATTN;  Or.  R.  J.  Charles 

1  Or.  C.  0.  Greskovlch 

1  Or.  S.  Prochazka 

Georgia  Institute  of  Technology,  EES,  Atlanta,  GA  30332 
1  ATTN:  Mr.  J.  0.  Walton 

GTE  Sylvania,  Waltham  Research  Center,  40  Sylvania  Road, 
Waltham,  MA  021S4 
1  ATTN:  Dr.  W.  H.  Rhodes 

Martin  Marietta  Laboratories,  1450  South  Rolling  Road, 
Baltimore,  MO  21227 
1  ATTN:  Or.  J.  Venables 

Massachusetts  Institute  of  Technology,  Department  of 
Metallurgy  and  Materials  Science,  Cambridge.  MA  02139 
1  ATTN:  Prof.  R.  L.  Coble 

1  Prof.  H.  K.  Bowen 

1  Prof.  W.  0.  Ktngery 

1  Prof.  J.  Vender  Sande 
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Materials  Research  Laboratories,  ?.0.  Sox  50,  Ascot  vale, 

VIC  3032,  Australia 
1  ATTN:  Or.  C.  W.  Waver 

Midwest  Research  Institute,  A25  Volker  Boulevard, 

Kansas  City,  MO  64110 

1  ATTN:  Mr.  G.  W.  Gross,  Head,  Physics  Station 

Pennsylvania  State  university.  Materials  Research  LaPoratory, 
Materials  Science  Department,  University  Park,  PA  16802 
1  ATTN:  Prof.  ft.  Roy 
1  Prof.  R.  £,  Newr  :mi 

1  Prof.  R.  E.  Tressler 

1  Or.  C.  Pantano 

l  Mr.  C.  0.  Ruud 

State  University  of  New  fork  at  AlOany,  Department  of 
Physics,  Albany,  NY  12222 
1  ATTN:  Prof.  W.  A.  Lanford 

State  University  of  New  fork  at  Stony  8rook,  Department  of 
Materials  Science,  long  Island,  NY  11790 
1  ATTN:  Prof.  F.  F.  Y.  Wang 

Stanford  Research  International,  333  Ravenswood  Avenue, 

Menlo  Park,  CA  94025d 
1  ATTN:  Or.  P.  Jorgensen 
1  Or.  0.  Rowel iffe 

United  Technologies  Research  Center,  East  Hartford,  CT  06108 
1  ATTN:  Or.  J.  Brenr.an 
1  Dr.  K.  Prewo 

University  of  California,  Lawrence  Livermore  Laboratory, 

P.0.  8ox  808,  Livermore,  CA  94550 
1  ATTN:  Nr.  R.  Land  1  nghawn 
1  Or.  C.  F.  Cline 

1  Or.  J.  Birch  Holt 

University  of  Florida.  Department  of  Materials  Science  and 
Engineering.  Gainevislle,  fl  32611 
1  ATTN:  Or.  L.  Ranch 

University  of  Washington,  Ceramic  Engineering  Oivision,  F8-1Q, 
Seattle,  WA  98195 
1  ATTN:  Prof.  R.  Bradt 

Westinghouse  Electric  Corporation,  Research  Laboratories, 
Pittsburgh,  PA  15235 
1  ATTN:  Or.  R.  J.  Bratton 

Rensselaer  Polytechnic  Institute,  Department  of  Materials 
Engineering,  Troy,  NY  12181 
1  ATTN:  R.  J.  Oiefendorf 

Oak  Ridge  National  Laboratory,  P.0.  Box  X 
Oak  Ridge,  TN  37830 
1  ATTN:  P.  F.  Becher 
1  V.  J.  Tannery 

1  R,  Johnson 

Sandla  Laboratories,  Albuquerque,  NM  87185 
1  ATTN:  Or.  F.  Gerstle,  Oiv  5814 

The  John  Hopkins  University,  Department  of  Civil  Englneerinn/ 
Materials  Science  and  Engineering,  Baltimore,  MO  28218 
1  ATTN:  Or.  R.  E.  Green,  Jr, 


Subcommittee  on  Science,  2319  Rayburn  House  Office  Building, 
Washington,  OC  20515 
1  ATTN:  Mr.  P.  C.  Maxwell 

Aerospace  Corporation,  Materials  Science  Laboratory, 

2350  East  El  Segundo  Boulevard,  El  Segundo,  CA  90245 
1  ATTN:  Or.  L.  R.  McCreight 

I8M  Corporation,  Thomas  8.  Watson  Research  Center, 

Yorkstown  Heights,  NY  10598 
1  ATTN:  Or.  G.  Onoda 

Corning  Glass  Works,  Research  and  Development  Oivision, 
Corning,  NY  14830 
1  ATTN:  Or.  W.  R.  Prindle 

3M  Company,  New  Products  Department,  218-35-04,  JM  Center, 
St.  Paul,  MN  55144 
1  ATTN:  R.  E.  Richards 

Technology  Strategies,  Inc.,  10722  Shingle  Oak  Ct., 

Burke,  VA  22015 
1  ATTN:  Or.  E.  C.  Van  Reuth 

Rutoers  University,  Center  for  Ceramics,  Rm  A274, 

P.0.  Box  909,  Piscataway,  NJ  08854 
1  ATTN:  Prof.  J.  B.  Wachtman,  Jr.,  Director 

Syracuse  University,  304  Administration  8uilding, 

Syracuse,  NV  13210 
1  ATTN:  Dr.  V.  Weiss 

Lehigh  University,  Materials  Research  Center  *32, 

Bethlehem,  PA  18015 
1  ATTN:  Or.  0.  M.  Smyth 

Alfred  University,  New  York  State  College  of  Ceramic;, 
Alfred,  NY  14802 
1  ATTN:  Or.  R.  L.  Snyder 

Alfred  University,  Center  for  Advanced  Ceramic  Technology, 
Alfred.  NY  14802 
1  ATIN:  R.  M.  Spriggs 

University  of  California,  Center  for  Advanced  Materials, 

058,  Hildebrand  Hall,  Berkeley,  CA  94720 
1  ATTN:  Prof.  G.  Somorjai 

Boeing  Aerospace  Company,  11029  Southeast  291,  Auburn, 

MA  98002 

1  ATTN:  W.  E.  Strobe  It 

University  of  California,  Materials  Science  and  Mineral 
Engineering,  Heart  Mining  Building.  Rm  284,  Berkeley, 

CA  94720 

1  ATTN:  Prof.  G.  Thomas 

Director,  U.S.  Army^laterlais  Technology  Laboratory, 
Watertown,  MA  02172-0001 

2  ATTN:  SLCMT-TML 

j  Author 

> 


1  Director,  Office  of  Science  and  Technology  Policy,  Old 
Executive  Office  Building,  Washington,  OC  20223 
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